Vocal rhythms in nesting Lusitanian toadfish, Halobatrachus didactylus by Vieira, Manuel et al.
Ecological Informatics 63 (2021) 101281
Available online 26 March 2021
1574-9541/© 2021 Elsevier B.V. All rights reserved.
Vocal rhythms in nesting Lusitanian toadfish, Halobatrachus didactylus 
Manuel Vieira a,b,*, M. Clara P. Amorim b,1, Paulo J. Fonseca a 
a Departamento de Biologia Animal and cE3c, Centre for Ecology, Evolution and Environmental Changes, Faculdade de Ciências, Universidade de Lisboa, Bloco C2. 
Campo Grande, 1749-016 Lisboa, Portugal 
b MARE – Marine and Environmental Sciences Centre, ISPA – Instituto Universitário, Rua Jardim do Tabaco 34, 1149-041 Lisboa, Portugal   
A R T I C L E  I N F O   
Keywords: 
Acoustic interactions 
Fish acoustic communication 
Passive acoustic monitoring 
Effect of tide 
Batrachoididae 
Fish chorus 
A B S T R A C T   
Males of several fish species aggregate and vocalize together, increasing the detection range of the sounds and 
their chances of mating. In the Lusitanian toadfish (Halobatrachus didactylus), breeding males build nests under 
rocks in close proximity and produce hundreds of boatwhistles (BW) an hour to attract females to lay their 
demersal eggs on their nests. Chorusing behaviour includes fine-scale interactions between individuals, a 
behavioural dynamic worth investigating in this highly vocal fish. Here we present a study to further investigate 
this species’ vocal temporal patterns on a fine (individual rhythms and male-male interactions) and large (chorus 
daily patterns) scales. Several datasets recorded in the Tagus estuary were labelled with the support of an 
automatic recognition system based on hidden Markov models. Fine-scale vocal temporal patterns exhibit high 
variability between and within individuals, varying from an almost isochronous to an apparent aperiodic pattern. 
When in a chorus, males exhibited alternation or synchrony calling patterns, possibly depending on motivation 
and social context (mating or male-male competition). When engaged in sustained calling, males usually 
alternated vocalizations with their close neighbours thus avoiding superposition of calls. Synchrony was 
observed mostly in fish with lower mean calling rate. Interaction patterns were less obvious in more distanced 
males. Daily choruses showed periods with several active calling males and periods of low activity with no 
significant diel patterns in shallower intertidal waters. Here, chorusing activity was mainly affected by tide level. 
In contrast, at a deeper location, although tidal currents causes a decrease in calling rate, tide level did not 
significantly influence calling, and there was a higher calling rate at night. These data show that photoperiod and 
tide levels can influence broad patterns of Lusitanian toadfish calling activity as in other shallow-water fishes, 
but fine temporal patterns in acoustic interactions among nesting males is more complex than previously known 
for fishes.   
1. Introduction 
Animals use acoustic signals to convey different types of information, 
and timing can play a crucial role in communication (Bowling et al., 
2013; Ravignani et al., 2014). The temporal organization of acoustic 
signals has an important role in male-male interactions and mate choice 
in several taxa (Greenfield and Roizen, 1993; Klump and Gerhardt, 
1992; Wilson and Cook, 2016). Several fish species form aggregations 
during the breeding season and males actively vocalize to attract females 
(Amorim et al., 2015). In this context, males may show chorusing 
behaviour by vocalizing at the same periods of the day (Table 1), often 
restricted by environmental constraints (e.g. tidal rhythms; Table 1). 
Choruses may occur in a particular short period of the day (e.g. dawn or 
dusk) or fish may exhibit calling activity throughout the day and/or 
night. Some advantages of chorusing behaviour have been proposed, 
including improvement in detection of suitable breeding areas by con-
specifics (e.g. Muller, 1998), enhancement of mate localization (e.g. 
Wells, 1977), reduction of mate assessment costs and decrease in indi-
vidual predation risk (e.g. Ryan et al., 1981). The major disadvantages 
being increased competition and the difficulty to discriminate an indi-
vidual from its neighbours (Gerhardt and Huber, 2002). 
Gregarious vocal fish males may listen to calling neighbours and 
adjust the timing of their repetitive calls according to social context 
(mating or male-male competition). But their fine-scale temporal 
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patterns of interaction have rarely been addressed in detail (Amorim 
et al., 2015). An expected consequence of calling in a chorus is masking 
(Amorim et al., 2015; Bee et al., 2012). Masking can however be avoided 
if males alternate vocalizations with their neighbours. Such fine-scale 
vocal interactions have been shown in several animals (insects: Ger-
hardt and Huber, 2002; frogs: Dyson and Passmore, 1988; Gerhardt and 
Huber, 2002; birds: Todt and Naguib, 2000). Vocal interactions can also 
involve synchrony of acoustic signals (Gerhardt and Huber, 2002; see 
Table 2 for these and other definitions), that can be used in an agonistic 
context (fish: Thorson and Fine, 2002; Mensinger, 2014; Staaterman 
et al., 2018; Salas et al., 2018; birds: Todt and Naguib, 2000). Synchrony 
is verified when calls overlap more frequently than expected by chance, 
and alternation when overlap occurs less frequently than expected by 
chance (Greenfield, 1994). Several types of alternation have been 
described including antiphony alternation, when the phase offset is 180◦
(Ravignani et al., 2014). In some fish species it seems that call overlap is 
rare (Winn, 1967; Fish, 1972; Thorson and Fine, 2002; Fine and Thor-
son, 2008; Van Wert and Mensinger, 2019), but the rules underlying fine 
temporal patterns in chorusing males still need to be ascertained. This is 
especially interesting because male-male vocal interactions may involve 
an active adjustment of calling rates to the neighbours’ vocal activity, 
which may be dependent on male condition (Jordão et al., 2012) and 
motivation (e.g. perceived increase in male competition; Remage- 
Healey and Bass, 2005). 
The Lusitanian toadfish, Halobatrachus didactylus, is a benthic species 
with an unusually rich vocal repertoire (Amorim et al., 2008) that 
produces sounds in both reproductive and agonistic contexts (dos Santos 
et al., 2000; Vasconcelos et al., 2010). However, the boatwhistle (BW) 
dominates its vocal activity (Amorim et al., 2006, 2008, 2010b) and is 
produced in both contexts (Vasconcelos et al., 2010). Like other Batra-
choididae species, Lusitanian toadfish territorial males usually nest 
under rocks and vocalize to attract mates (Amorim et al., 2016; Vas-
concelos et al., 2012). This sedentary behaviour provides an opportunity 
to extract detailed information about their individual calls and in-
teractions in the wild (Fine and Thorson, 2008; Amorim et al., 2016). 
Studies on the Lusitanian toadfish revealed adjustment of individual 
calling rates depending on the social environment (Amorim et al., 2011; 
Jordão et al., 2012). Males calling alone mostly called at low rates, while 
chorusing males exhibited higher calling rates and produced longer calls 
(Amorim et al., 2011; Vasconcelos et al., 2011). Unlike less active vocal 
nest-holders, males calling at a higher rate than average tended to adjust 
calling to the neighbours’ calling rate (Jordão et al., 2012) pointing to 
the existence of an interesting chorusing dynamics in this species. 
Nevertheless, detailed characterization of male-male vocal interactions 
including fine temporal patterns of call production in relation to social 
and non-social factors remains to be explored. Previous studies of the 
Table 1 
Examples of fish chorus daily patterns during the mating season.  
Family Species Eggs 
typea 
Timing Location Reference 
Batrachoididae Lusitanian toadfish (Halobatrachus 
didactylus) 
D  Field (Lisbon, Portugal) Amorim et al. (2011) 
All (highly constrained by tide) Intertidal Field (Lisbon, 
Portugal) 
Present study 
All (more at night) Subtidal 
Oyster toadfish (Opsanus tau) D All Field (Maryland, USA) Fine (1977) 
All (more at night) Captivity Maruska and Mensinger 
(2009) 
All (less at dusk) Field (South Carolina, USA) Monczak et al. (2017) 
All (some decrease at dawn and 
increase at dusk) 
Field (Maryland, USA) Ricci et al. (2017) 
All (more at dusk and night) Field (Massachusetts, USA) Van Wert and Mensinger 
(2019) 
Gulf toadfish (Opsanus beta) D All Field (Florida, USA) Breder (1968) 
Three-spined toadfish (Batrachomoeus 
trispinosus) 
D Night Captivity Rice and Bass (2009) 
Bocon toadfish (Amphichthys 
cryptocentrus) 
D Night Field (Bocas del Toro, Panamá) Staaterman et al. (2018) 
Sciaenidae Silver perch (Bairdiella chrysoura) P Night (dusk) Field (North Carolina, USA) Luczkovich et al. (2008) 
Field (South Carolina, USA) Monczak et al. (2017) 
Weakfish (Cynoscion regalis) P Dusk Field (Delaware, USA) Connaughton and Taylor 
(1995) 
Field (North Carolina, USA) Luczkovich et al. (2008) 
Red drum (Sciaenops ocellatus) P Dusk Field (North Carolina, USA) Luczkovich et al. (2008) 
Field (South Carolina, USA) Monczak et al. (2017) 
Black drum (Pogonias cromis) P Dusk Field (Florida, USA) Locascio and Mann (2011) 
Field (South Carolina, USA) Monczak et al. (2017) 
Whitemouth Croaker (Micropogonias 
furnieri) 
P Dawn and Dusk Field (Pando,Uruguay) Tellechea et al. (2011) 
Spotted seatrout (Cynoscion nebulosus) P Dusk Captivity Montie et al. (2017) 
Field (North Carolina, USA Luczkovich et al. (2008) 
Field (South Carolina, USA) Monczak et al. (2017) 
Brown meagre (Sciaena umbra) P Dusk Field (Corsiga, France) Parmentier et al. (2017) 
Meagre (Argyrosomus regius) P Dusk Captivity Vieira et al. (2019) 
Serranidae Goliath grouper (Epinephelus itajara) P Night Field (Florida, USA) Mann et al. (2009) 
Red hind (Epinephelus guttatus) P Dusk Field (Puerto Rico, USA) Mann et al. (2010) 
Ophidiidae Cusk-eel (Ophidion rochei) P Peak at Dusk (some calls throughout 
the night) 
Field (Gulf of Trieste, Italy) Picciulin et al. (2018) 
Field (Corsica, France) Kéver et al. (2016) 
Sebastidae False kelpfish (Sebastiscus 
marmoratus) 
V All (peak at dawn and dusk) Captivity Miyagawa and Takemura 
(1986) 
Unknown Nine chorus types, of unknow species - All, Day, Dusk, or Night Field (Darwin, Australia) Parsons et al. (2016)  
Five chorus types, of unknow species - Dawn, Dusk or Night Field (Santos Bay, Brazil) Sanchez-Gendriz and 
Padovese (2017)  
a Eggs types were classified as (D) demersal, (P) pelagic or (V) viviparous. 
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Lusitanian toadfish large-scale chorusing rhythms showed that the vocal 
activity is affected by the fluctuations of tide level at an intertidal zone 
(Amorim et al., 2011) but how this species behaves in less shallow areas 
remains unknown. 
In the present study we aim to shed light on fine-scale temporal vocal 
patterns - (1) rhythms of males singing alone and with a conspecific 
sound playback; (2) patterns of male-male vocal interactions (alterna-
tion and synchrony) depending on male distance and motivation (calling 
rate); and large-scale temporal vocal patterns - (3) daily patterns of vocal 
activity taking into account the effect of water temperature, tide level, 
vertical tidal velocity and time of day. To do so we characterized the 
Lusitanian toadfish vocal temporal patterns during the peak of mating 
season (May and July; Amorim et al., 2006), when competition for 
nesting sites and for attracting mates is highest (Amorim et al., 2010a). 
We investigated the temporal structure of the vocalizations of fish 
calling alone and analysed the fine temporal-scale of male-male acoustic 
interactions. Additionally, we compared the large-scale chorusing 
rhythms of males inhabiting areas of different depths and subjected to 
the different fluctuations of the physical environment. 
2. Material and methods 
2.1. General methods 
2.1.1. Animals and sound recordings 
To describe the temporal patterns of Lusitanian toadfish calling 
Fig. 1. All the experiments took place in the Tagus estuary (BA6 - Air Force Base no. 6, Montijo, Portugal; 38◦42′N, 8◦58′W). This figure represents the set-up 3 with 
deployments in (A) lower intertidal zone (beach; this location is the same for set-up 1, 2 and 3A); (B) Higher subtidal zone (beach; set-up 3B); and (C) Subtidal zone 
(pier; set-up 3C). Males occupied spontaneously the artificial hemicylinder concrete nests and could move freely throughout the recordings. 
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activity, several datasets from previously published studies were re- 
analysed (set-ups summarized in Table 3, see also Fig. 1). Set-up 1: 
selected recordings of toadfish males calling alone and exposed to 
playbacks of BWs from other individuals (from Jordão et al., 2012); set- 
up 2: continuous recordings of restrained males in artificial concrete 
hemicylindrical nests placed in one row parallel to the shoreline, 
including non-manipulated fish and fish subject to a sham-surgery (i.e., 
anaesthesia and a small ventral cut followed by one or two stiches, cf. 
Amorim et al., 2016); and set-up 3: continuous recordings from 32 nests 
spontaneously occupied by males at three different depths (recordings 
from males occupying 27 nests at the shallower area on the intertidal 
zone were also used by Amorim et al., 2016). Recordings from setups 3B 
and C are analysed here for the first time. Procedures from previously 
published studies complied with the Portuguese animal welfare laws, 
guidelines and policies (Amorim et al., 2016; Jordão et al., 2012). The 
recordings carried out in setups 3B and C did not involve animal 
manipulation or experimentation. 
All the experiments took place during the Lusitanian toadfish 
breeding season (May to July) in the Tagus estuary (BA6 - Air Force Base 
no. 6, Montijo, Portugal; 38◦42′N, 8◦58′W; Fig. 1). 
2.1.1.1. Set-up 1. Eight artificial hemicylinder concrete nests (50 cm 
long, 30 cm wide and 20 cm high) were placed 2.5 m apart in a row on 
an intertidal zone at the beach of BA6. Nests were only exposed to air 
during low spring tides, approximately every fortnight (Figs. 1 and S1). 
Males spontaneously occupied the nests, and then were restricted by 
wrapping the nest with a medium-sized grid plastic mesh. A small 
opening at the front allowed the smaller females to move freely while 
preventing males from escaping the nest. Several nests had fertilized 
eggs at the end of the confinement period (Jordão et al., 2012). 
Each shelter had a hydrophone positioned 10 cm from its entrance 
and from the substrate (High Tech 94 SSQ; High Tech Inc., Gulfport, MS, 
USA; sensitivity − 165 dB re. 1 V/μPa, frequency response within ± 1 dB 
from 30 Hz to 6 kHz). Simultaneous multichannel recordings were made 
to a laptop connected to USB A/D converter devices (Edirol UA25; 
Roland, Osaka, Japan; 16 bit, 44.1 kHz acquisition rate per channel) 
controlled by Adobe Audition 3.0 (Adobe Systems Inc., Mountain View, 
CA, USA). 
Here we used the ca. 30 min recordings previously selected by 
Jordão et al. (2012), with a fish singing while at least the immediate left 
and right neighbours were silent. These recordings also included 
opportunistic 5 min playbacks mimicking a conspecific neighbour call-
ing at two constant rates. The underwater speakers (Electrovoice UW- 
30; Lubell Labs Inc. Columbus, OH, USA; Frequency Response: 0.1–10 
kHz), were connected to an amplifier (Blaupunkt GTA 260) and fed 
through the D/A subsystem of an USB Edirol UA25 controlled by Adobe 
Audition 3.0 (Adobe Systems Inc). The manually adjustable amplifica-
tion was adjusted according to the tide level since the output of the 
speakers change with depth. Frequencies below 100 Hz were not well 
reproduced due to the speakers’ frequency response. Note that the 
fundamental frequency of a typical Lusitanian toadfish call is ca. 60 Hz., 
with the dominant frequency usually being the second or fourth har-
monic (Amorim et al., 2006). The fundamental frequency of the boat-
whistle can also be the one with most energy as reported by Vasconcelos 
et al. (2010) for agonistic interactions. 
2.1.1.2. Set-up 2. Sixteen artificial hemicylinder concrete nests (similar 
to the ones used in set-up 1) were placed 2 m apart in a row on an 
intertidal zone at the beach of BA6, and as above were only exposed to 
air during low spring tides at approximately every fortnight (Figs. 1 and 
S1). Subject males were collected from similar nests deployed nearby. As 
reported by Amorim et al. (2016), fish were randomly assigned to three 
experimental groups: muted, sham-operated and intact, and restrained 
in the concrete nests by covering the nest entrance with a stainless steel 
mesh with an opening in the front only large enough for the females to 
enter. Muted and sham-operated males were subjected to a surgery 
where a small incision was made in the abdominal wall; muted males 
had the swimbladder deflated to prevent sound production while sham 
males had the swimbladder left intact and were observed to vocalize as 
intact fish (see Amorim et al., 2016 for details). As in set-up 1 several 
vocal males had fertilized eggs at the end of the confinement period. 
Each of the 16 nests had a custom-made hydrophone positioned next 
to its midlateral wall at approximately 10 cm from the substrate. The 
vocalizations of males were continuously recorded between spring low 
tides using stand-alone 16 channel dataloggers (LGR-5325, Measure-
ment Computing Corp, Norton, MA, USA; 4 kHz sampling rate, 16 bit). 
A datalogger (HOBO-U20–001-01, Onset Computer Corp., MA, USA) 
was placed inside a nearby empty nest to measure water temperature 
and pressure during recordings. 
2.1.1.3. Set-up 3A, B and C. In the same location of set-up 1 and 2, we 
deployed 27 artificial concrete nests in two rows, placed 2 m apart 
(Fig. 1; set-up 3A). Males spontaneously occupied the nests during the 
submersion period and could move freely throughout recordings. Every 
fortnight, when nests were exposed during spring low tides, they were 
inspected for occupation and the presence of egg clutches (see ‘Open- 
nest experiments’ in Amorim et al., 2016). As in set-up 1 and 2 several 
vocal males had fertilized eggs at the end of the period. Depth at this 
place ranged from 0.2 to 3.2 m. 
We deployed four additional artificial concrete nests at ca. 8 m in 
front of the 27 nests, 2 m apart, in a row parallel to the shoreline. Near 
these four nests, but at least further than 2 m away, we deployed 16 roof 
tiles to increase the number of available nests and the chances of having 
the concrete nests occupied by breeding toadfish males (Fig. 1; set-up 
3B). All these nests were in a subtidal area and were always sub-
mersed, and never inspected. Depth at this subtidal area ranged from ca. 
1 to 4 m. We deployed a custom-made hydrophone positioned next to 
each of the 31 intertidal and subtidal concrete nests’ midlateral wall at 
approximately 10 cm from the substrate. 
We further deployed 2 hydrophones (High Tech 94 SSQ) next to a 
nearby pier, each attached to one concrete nest (Fig. 1, set-up 3C). The 
pier is normally used by Lusitanian toadfish breeding males (Vieira 
et al., 2020) and meagre (Argyrosomus regius; Pereira et al., 2020). Depth 
at this place ranged from ca. 2 to 6 m. 
We continuously recorded the vocalizations of males using three 
stand-alone 16 channel dataloggers (two in set-up 3A and B, and one in 
set-up 3C; LGR-5325, Measurement Computing Corp, Norton, MA, USA; 
4 kHz sampling rate, 16 bit). 
One temperature and pressure datalogger (HOBO-U20–001-01, 
Onset Computer Corp., MA, USA) was also placed inside an empty nest 
near the 27 intertidal nests. 
2.1.2. Automatic recognition of fish vocalizations 
To detect the fish sounds on the recordings we used the automatic 
recognition system described by Vieira et al. (2015) for call type iden-
tification (see Vieira et al., 2015 for the overall flowchart and details of 
the method). In brief, multiple hidden Markov models HMMs were 
trained using sounds of each defined category, the recordings being then 
classified according to the model with the highest likelihood. This pro-
cess includes the signal processing and the HMM time alignment, fol-
lowed by an evaluation of the recognition system: 
2.1.2.1. Signal processing. The first step in the signal processing is to cut 
the waveform into a sequence of elementary segments according to a 
predefined window duration (cf. Fig. 1 in Vieira et al., 2015). We used a 
window of 32 ms with a 50% overlap, and the following acoustic fea-
tures: cepstrum, Mel-frequency cepstral (MFC), delta, and acceleration 
coefficients. A Hamming window was applied to each frame. The MFCC 
used 26 filterbank channels ranging from 20 to 1000 Hz. Only the first 
12 cepstral coefficients were selected, including the range of frequencies 
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most audible of the boatwhistles produced by this species (from the 
fundamental frequency up to the 5th harmonic), and excluding sounds 
from other species (e.g. meagre) that might interfere. 
2.1.2.2. HMM time alignment. We created a 14 state model to classify 
the BWs. As in Vieira et al. (2015), we added models with 5 states for 
modelling double-croaks, croaks, background noise (silence), non- 
biological sound patterns with high energy and short duration (e.g., 
consecutive non-biological pulses with high energy), and also a model 
with 7 states for modelling grunt trains. These additional states were 
crucial to avoid misclassification of BWs but were not used to count 
those sound types due to their rarity and the low accuracy of recognition 
(as reported in Vieira et al., 2015). 
The automatic HMM-based recognition system was prepared to 
recognize BWs, taking into account the existence of other sounds pro-
duced by this species and abiotic noises. For each sound type, a repre-
sentative subset of samples was used to train the HMMs. The training set 
used to produce the recognition system included 35 BWs with high 
signal-to-noise ratio of several datasets and 76 sounds for the other 
models (15 double-croaks, 13 croaks, 16 grunt trains and 32 non- 
biological sounds). The transition probabilities and the elementary 
segment probability densities of each state were estimated with the 
Baum–Welch algorithm (Baum et al., 1970). 
In the recognition phase, each sound type was matched against the 
estimated HMM for each sound type. This was achieved by using a 
Viterbi algorithm (Forney, 1973) that produced a likelihood measure for 
each HMM. 
For computations we used the HMM Toolkit (HTK, University of 
Cambridge, UK), a group of modules written in C to create automatic 
recognition systems for human speech (Young et al., 2006). 
2.1.2.3. Evaluation of the recognition system. The number of substitution 
errors (i.e., when one signal type is recognized as another signal type, S), 
deletion errors (i.e., when a sound type occurs but is not detected by the 
system—a false negative, D), insertion errors (i.e., when a signal is 
detected by the system but it did not occur—a false positive, I) and the 
total number of labels in the reference transcriptions (N) were deter-
mined (Young et al., 2006). Only the call of interest was evaluated, i.e. 
the BWs. The performance of the recognition systems was then evalu-
ated by computing the percentage of correctly recognized BWs (identi-
fication rate) using: 
Identification rate (%) =
N − D − S
N
× 100,
or by computing the recognition accuracy using: 
Accuracy (%) =
N − D − S − I
N
× 100.
To evaluate the output of the recognition system its identification 
rate and accuracy were assessed by comparison with manually anno-
tated data on a subsample of 15 min of each hydrophone of set-up 3A, 
and 30 min for set-up 3B and 3C. The performance on these datasets was 
similar to the ones observed in Vieira et al. (2015). 
To avoid the detection of calls at more than one hydrophone, the 
system was created using BWs with high signal-to-noise ratio, which 
consequently lead to ignore most of the low signal-to-noise ratio BWs 
(ca. < 10 dB). Consequently, these calls with low signal-to-noise ratio 
were considered as insertions in this evaluation. Nevertheless, approx-
imately 99% of BWs in the acoustic data were recognized correctly. 
At set-up 3A, we obtained an identification rate of 95.7%, accuracy 
of 65.7%, and a false positive rate of 23.1%. The lower accuracy value 
mostly represents the recognition of sounds produced by the closest 
neighbours’ males (mostly sounds with a SNR near 10 dB considered in 
the manual annotation). At set-up 3B, an identification rate of 100%, 
accuracy of 52.2%, and a false positive rate of 32.3% were observed. In 
set-up 3B, we deployed 16 roof tiles to increase the number of available 
nests, most false positives are from BW produced by males nested on 
those roof tiles. At set-up 3C, the identification rate reached the 94.9%, 
and we obtained an accuracy of 89.2%, and a false positive rate of 5.4%. 
The pier (set-up 3C) is normally used by Lusitanian toadfish breeding 
males, and the males that occupied the space between both hydrophones 
were detected by both. 
For the analysis of interactions with vocalizing conspecifics or with 
playbacks (set-up 1 and 2), labels were manually corrected by visual 
inspection using the software Wavesurfer (Medina and Solorio, 2006). 
2.2. Fine-scale temporal patterns 
The computations using the sounds’ labels and all statistics were 
made in R (R Core Team, 2018). 
2.2.1. Rhythms of males singing alone and with conspecific sound playback 
We extracted the sound labels for nine 30-min recordings from the 
2008 dataset (from 5 calling males; Set-up 1; Table 3). Inter-onset in-
tervals (IOIs) and relative phase angles were computed. The IOI is the 
interval between the beginning of one event and the beginning of the 
consecutive event; in this case between calls of the same individual. The 
relative phase angles were calculated to represent the offset of the calls 
of one male according to the calls reproduced by the UW-30 speaker. 
The relative phase angle (spanning from 0◦ to 360◦) represents the 
relative position of a call between the playback calls. Synchrony is 
represented by a relative phase angle of 0◦, and antiphony alternation by 
a relative phase angle of 180◦ (Ravignani et al., 2014). Because in 
several cases the IOI differed greatly between the vocalizing fish and the 
playback (e.g. the fish called more often than the playback), the phase 
offset for all the calls produced between two consecutive BW playbacks 
were accounted and represented with different colours. Rayleigh’s 
uniformity tests were performed to assess the non-uniformity of the 
phase angles (Tauber, 2001). 
Recurrence and phase space plots were used to visualize rhythmic 
structural regularities in IOIs (Ravignani and Norton, 2017). Recurrence 
plots are a powerful tool to observe patterns in a time series (Eckmann 
et al., 1987), and represent the matrix of differences between every pair 
of IOIs in a sequence of sounds. Both axes represent the IOI in their 
original sequential order. Here, black squares represent pairs of IOIs 
whose difference is below 0.3 s. Phase space plots represented here are 
parametric graphs of the IOIs, plotted as a function of the subsequent IOI 
throughout the time series. Phase-space plots are a very useful visuali-
zation tool and can be employed as an assumption-free diagnostic to 
analyse rhythms (Ravignani, 2017). The normalized pairwise variability 
index (nPVI) was also calculated for each recording (Grabe and Low, 
2002; Jadoul et al., 2016). The nPVI is the average of the differences of 
each pair of adjacent IOIs divided by their average, multiplied by 100. 
This index is an indicator of rhythmicity that quantifies the variability of 
IOIs. It decreases with an increase in the regularity of IOIs and reaches 
zero with a perfect isochronous rhythm (isochrony can be defined as 
temporal patterns in which the time interval between the onset of 
consecutive events are equal or multiple of the unit interval). The nPVI 
ranges between 0 and 200 (Condit-Schultz, 2019), from isochronous 
(usually lower than ca. 10; Ravignani, 2017; Schneider and Mercado III, 
2019), to heterochronous rhythms in a variety of nPVI values depending 
on the complexity of the rhythm (Condit-Schultz, 2019; Ravignani, 
2017; Schneider and Mercado III, 2019) and random patterns (Rav-
ignani, 2017 reported values of ca. 90). 
2.2.2. Patterns of male-male vocal interactions 
To describe male-male acoustic interactions, automatic annotations 
of 3 periods of 1 h of synchronized recordings from 16 nests/hydro-
phones were manually inspected (i.e. 16 × 3 h). These recordings 
included calls produced by each of the 16 nest-holders and were chosen 
from one day of June 2012 where males exhibited a higher calling rate 
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(set-up 2; Table 3). Relative phase angles were computed to represent 
the phase offset of the calls of each pair of individuals and depicted as 
rose-plots. Each rose-plot represents the distribution of the relative 
phase angles (spanning from 0◦ to 360◦), i.e. the relative position of a 
call in respect to the neighbour’s calls. Each male-male interaction was 
classified by the distance between the two calling males. After pre-
liminary visualization of the rose-plots produced by each pair, we 
decided to aggregate the phase angles according to distance between 
males - separated by ≤5 m or > 5 m, since in more distant pairs phase 
angles consistently presented a higher variability (see examples in Fig. 
S2). The distance threshold was selected in accordance with the 
communication active space reported for the Lusitanian toadfish by 
Alves et al. (2016) that estimated maximum distance with correct 
perception of conspecific’s BWs to be from 5 up to 13 m, using BWs 
recorded during nearly high tide (water levels 2.2–2.6 m). The dividing 
distance of 5 m (the lower range of found correct perception distance) 
was chosen as BW propagation is highly depth dependent (Alves et al., 
2016). To extract the relevant interactions among fish while using the 
pool of calls produced by the 16 fish, we only considered the occurrences 
when a single male’s BW was between the BWs of another male. Note 
that preliminary rose plots were obtained for each pair of individuals 
considering all the phase angles (examples represented in Fig. S2). 
Although some differences are observed, the general distribution of 
phase angles was maintained, and this choice simplified the interpre-
tation of the phase angle distribution. Furthermore, a high number of 
phase angles was still considered. We used circular statistics (Batschelet, 
1981) to calculate the angular means. Rayleigh’s uniformity tests were 
performed to test the non-uniformity of the considered phase angles 
(Tauber, 2001) to investigate whether the calls’ interactions were sys-
tematically in synchrony or alternation. 
Furthermore, for each individual singing on each of the 3 periods of 
1 h analysed (Table 3), we performed a cross-overlapping analysis as 
schemed in Fig. 3 for each calling male. From the original recording (0 s 
lag) and using a window time step of 0.2 s up to ± 10 s, we counted the 
percentage of calls overlapping more than 0.1 s with the calls of the 
others fish taken as reference for each time lag. This allowed to under-
stand if the observed interactions are a consequence of a continuous 
adjustment of the timing of the calls throughout the bout or a conse-
quence of fish isochronous calling causing, by chance, many alternations 
or overlaps (as hypothesised by Winn, 1967 for Opsanus tau). We clas-
sified each male by their calling activity (lower or higher calling rate 
than 9 BW min− 1) and the BW overlaps by the distance between each 
pair of calling males (≤ 5 m and > 5 m). The cut point on calling activity 
followed Amorim et al. (2011) and represent the reported population 
average (8.8 BW min− 1, n = 576). This analysis will investigate if 
interaction patterns differ with male distance and motivation (calling 
rate). 
These analyses were conducted in R, requiring the ‘circular’ library 
for circular statistics. 
2.3. Large-scale temporal patterns 
2.3.1. Daily patterns of vocal activity 
The number of BWs present in the recordings was obtained from the 
automatic recognition system described before. We counted the number 
of calls per hour in round-the-clock recordings on the three locations 
(Fig. 1; set-up 2 and set-ups 3A, 3B and 3C) from ca. 6 days from July 
2013 and ca. 6 days from July 2012 (Table 3). Generalized Additive 
Models (GAM) were used to test the effect of temperature, tide level, 
vertical tidal velocity and time of day on the calling activity at each 
location. Note that tidal vertical velocity is the time derivative of tide 
level. GAMs were chosen because preliminary analysis of the time-series 
indicated non-linear relationships (Hastie and Tibshirani, 1990; Wood, 
2017). Thin plate regression splines were used, and all terms were 
subject to the second-order penalty. The interactions of the covariates 
analysed were taken into account with tensor products interactions 
(Wood, 2006). These interactions terms were only retained when they 
were assessed to be significantly different from a zero (flat) function. 
Smoothness parameters were chosen using restricted maximum likeli-
hood selection. Due to the positive over-dispersion observed, all models 
used a negative binomial distribution and identity link function. This 
statistical analysis was conducted in R using the ‘mgcv’ library. 
3. Results 
3.1. Fine-scale temporal patterns 
3.1.1. Rhythms of males singing alone and with conspecific sound playback 
The patterns of fish calling alone in four recordings of 30-min are 
depicted in Fig. 3C (see summary of set-up 1 in Table 3). The recurrence 
plots and phase space plots show changes in the IOIs (scheme in Fig. 3A; 
and the respective calling rate) throughout the recordings indicating a 
high inter- and intra-individual variability (Fig. 3C). The four recurrence 
plots (Fig. 3C, upper panels) exhibit several darker regions that corre-
spond to almost perfect isochronous rhythms. These almost isochronous 
segments match with periods of higher calling rate. A recurrence plot 
and phase space plot of a 5-min playback is represented in Fig. 3B to 
exemplify an almost perfectly annotated isochronous sequence of 20 BW 
min− 1. 
To depict patterns in more detail, Fig. 3D shows a subsection of 60 
IOIs from the previous plots. Subsections of fish 1.6 and 2.3 show clearly 
an almost perfect isochronous rhythm (both with nPVI of ca. 10–11). 
Between these more uniform subsections (cf. darker squares in Fig. 3C 
upper panels), several less rhythmic sequences were observed (lighter 
regions in the same plots, and a good example in the subsection of fish 
1.3 in Fig. 3D, 3rd plot, with nPVI = 18). Some recordings exhibit a more 
aperiodic rhythmicity (cf. subset of fish 1.3 in Fig. 2D, 2nd plot, with 
nPVI = 35). Notice, however, that even in these subsets exhibiting a 
more aperiodic pattern, several sequences of 2–4 BWs with similar IOIs 
were present (groups of black squares). Globally, and considering these 
30 min examples, fish 1.6 had the lower variance of IOIs, with a nPVI of 
13.4. Fish 2.6 presented an intermediate nPVI of 23.1, while fish 1.3 had 
the larger nPVI of 32.4 and 26.5. On all 9 recordings analysed, the nPVI 
ranged from 13.4 to 47.3 (mean ± SD, 31.2 ± 10.3). The playbacks had 
low values of nPVI (3.4 ± 2.3) as expected. 
Phase plots can create geometric regularities caused by the repre-
sentation of rhythmic IOIs taking into account the sequential structure of 
the sounds (Ravignani, 2017), but no clear geometrical regularities are 
present on any of the toadfish plots (Fig. 3C, D). The triangular-like 
pattern observed is possibly a consequence of the fish recurrent alter-
nation between 2 and 3 calls with lower IOIs and 1–2 calls with higher 
IOIs. This was clear during the preliminary visual inspection of the re-
cordings, especially on fish with a lower calling rate. 
How do fish react to conspecific’s call BW playback? Blue bars on 
both axis of the recurrence plots represent the presence of playbacks 
(Fig. 3C). Usually a change on the IOIs is coincidental with the beginning 
Fig. 2. Representation of how the cross-overlapping analysis was processed for 
each calling male. From the original recording (0 s lag) and using a window 
time step, we counted the percentage of calls overlapping with the calls of other 
fish (BWs in yellow) for each time lag. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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of the conspecific playback sounds (1st, 2nd and 4th plot on Fig. 3C). 
Some fish changed the calling rate but maintained an almost isochro-
nous rhythm (1st plot on Fig. 3C). Others progressed from a more 
aperiodic pattern to an almost isochronous rhythm (4th plot on Fig. 3C) 
while others showed the reverse (2nd plot on Fig. 3C). In one situation, 
we also observed a shift only after some minutes of playback (3rd plot on 
Fig. 3C). 
Relative phase angles of fish calls were calculated against the play-
back of 5 and 20 BW min− 1 (Fig. 4). In Fig. 4B the blue colour represents 
the phase of the first BW produced after each BW played back. If more 
than one call was produced between consecutive BWs in the playback, 
the phase angles of the subsequent calls were represented in grey 
(Fig. 4B). In the 5 BW min− 1 playback, the periodicity of BWs’ phase 
angles point to a uniform distribution of phase angles (Rayleigh Test of 
Uniformity for all the relative phase angles represented in Fig. 4B in blue 
and grey, p-value = 0.24, n = 305), suggesting that the males are not 
adjusting the timing of their calls to the PBK. However, the 1st call 
produced after each playback had a mean phase angle of 71◦ (Rayleigh 
Fig. 3. Rhythms of males singing alone and 
playback interference. (A) Represent the 
Inter-onset interval (IOI) calculated for each 
call. (B) Recurrence and phase space plots 
(top and bottom respectively) of an almost 
perfect isochronous playback with 20 BW 
min− 1. Black squares represent pairs of IOIs 
whose difference is below 0.3 s. (C) Paired 
plots of recurrence and phase space for four 
30-recordings of males singing alone: 1st and 
2nd columns are fish exposed to a 5-min 
playback with 5 BW min− 1 and 3rd and 
4th columns are fish exposed to 20 BW 
min− 1. Blue bars in the recurrence plots 
represent the period of playback exposure. 
(D) Subsections of 60 IOIs from the 30-min 
recordings represented above. Phase plots’ 
grey ratio lines represent the following ra-
tios of IOIs: 3:1, 2:1, 3:2, 4:3, 9:8, 1:1, and 
their reciprocals. Name of each fish are as 
reported by Jordão et al. (2012). These plots 
show the changes in the IOIs throughout the 
recordings and indicate a high inter- and 
intra-individual variability. Several periods 
of almost perfect isochronous rhythms 
(black areas in recurrence plots) occur usu-
ally at lowers IOIs (lower variability at lower 
IOIs in phase plots). Shifts during the play-
back can be observed in the recurrence plots. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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Test of Uniformity, p-value < 0.001, n = 102; see blue phase angles in 
Fig. 4B, left panel) with notably less events under 36◦, which could 
indicate that fish are paying attention to and avoiding the neighbour’s 
vocalizations (in this case the playback). Notice that low relative phase 
angles for the 1st call produced after each playback are expected on a 
situation where fish calling rate is exceedingly higher than the playback. 
In the experiments with 20 BW min− 1 playback, the distribution of 
phase angles was not uniform (Rayleigh Test of Uniformity, p-value =
0.007, n = 279), mostly due to the lack of calls under 100◦, indicating 
avoidance of the playback call. Between c. 100◦ and 360◦ no clear 
preferential phase angle was observed. In addition, almost no cases with 
more than one call produced by the fish between consecutive BWs in the 
playback were observed (n = 14; see blue phase angles in Fig. 4B, right 
panel). 
In short, rhythms of males singing alone presented a high between 
and within individual variability, usually showing higher regularity 
when calling at a higher rate. Additionally, fish changed calling rhythms 
in the presence of playback and exhibited a possible avoidance. 
3.1.2. Patterns of male-male vocal interactions 
Fig. 5A shows an example of types of male-male interactions 
observed throughout the preliminary analysis of the recordings. From 
the synchronized round-the-clock multi-channel recordings, 3 periods of 
1 h were selected. In these recordings we detected a total of 3462 BWs 
produced at 3 am, 3849 BWs at 9 am, and 2427 BWs at 16 pm, from 16 
males. 
In the recordings at 3 am, 15 males were active but mostly with a low 
calling rate (mean ± SD, range: 3.9 ± 2.8, 0.4–8.5 BW min− 1). The rose 
plots of close-by individuals (≤ 5 m) show a high incidence of relative 
phase angles between 342◦ and 18◦, with a mean of 7.2◦ (Fig. 5E). The 
Rayleigh test of uniformity with unspecified mean direction confirmed a 
non-uniform distribution observed (z = 0.37, p < 0.001, n = 1487). A 
Rayleigh test with specified mean (μ = 0◦) further suggests a non- 
uniform distribution consistent with synchrony of BWs between these 
males at close distances (z = 0.37, p < 0.001). An example of synchro-
nous interactions is depicted in Fig. S2. Fig. S2 shows rose-plots of 
relative phase angles between male 13 and male 14 at this hour (males 
were 2 m apart). Fig. 5D represents an example of the temporal struc-
tures observed at this hour. Most calling males showed high irregularity 
and multiple transitions between low and high IOIs. This irregularity 
was translated in higher nPVI values (29.2 ± 87.8 at 3 am vs. 19.6 ±
51.5 at 9 am and 21.9 ± 118.5 at 16 pm). The relative phase angles of 
BWs produced by more spaced males (> 5 m) were more uniformly 
distributed (Fig. 5E). At 3 am, the Rayleigh test of uniformity with un-
specified mean direction confirmed the uniform distribution (3 am: z =
0.003, p = 0.96, n = 5405). These results point to synchronous in-
teractions in these low activity males but only when in close range (≤ 5 
m). 
In the other 2 h analysed, 9 and 12 males were vocally active at 9 am 
and 16 pm, respectively, but only 5 had a calling rate higher than 9 BW 
min− 1 (3 males at 9 am: 6.4 ± 5.8 BW min− 1, ranging from 2.2 to 15.7 
BW min− 1; 2 males at 16 pm: 3.4 ± 5.5 BW min− 1, ranging from 0.2 to 
15.6 BW min− 1). Rose plots of close males (≤ 5 m) show a high incidence 
between 100◦ and 250◦ (Fig. 5E; only 9 am is represented), and a mean 
angle close to 180◦. Several BWs between 342◦ and 18◦ (overlaps) are 
also observed. An example of mostly alternation with some synchrony 
between male 13 and male 14 at 9 am (males 2 m apart) is given in Fig. 
S2. The Rayleigh test of uniformity with unspecified mean direction 
confirmed a non-uniform distribution of phase-angles (9 am: z = 0.40, p 
< 0.001, n = 3662; 16 pm: z = 0.21, p < 0.001, n = 876). A Rayleigh test 
with specified mean (μ = 180◦) confirms a distribution consistent with 
males alternating BWs when at close distances (9 am: z = 0.28, p <
0.001; 16 pm: z = 0.14, p < 0.001). In spaced males (> 5 m), although 
the distribution is wider, the presence of more interactions with phase 
angles between 80◦ and 260◦ still translates into a rejection of the uni-
form distribution (9 am: mean = 180◦, z = 0.16, p < 0.001, n = 5573; 16 
pm: mean = 177◦, z = 0.14, p < 0.001, n = 2196). A Rayleigh test with 
specified mean of 180◦ is still significant on both hours (9 am: z = 0.09, 
p < 0.001; 16 pm: z = 0.07, p < 0.001). These results point to mostly 
alternation interactions in these periods, specially when in close range 
(≤ 5 m). 
The cross-overlapping (Fig. 6) shows that in fish with high calling 
rate (> 9 BW min− 1) the mean percentage of overlaps of close neigh-
bours (≤ 5 m) increase greatly at a lag of ± 2 s pointing to a possible 
tendency for a fixed delay. On fish with lower calling rate, the maximum 
percentage of overlaps is observed on the lag zero (true overlap of BWs). 
The absence of a cyclic periodicity suggest that the BW interactions 
observed for close neighbours are adjusted continuously throughout the 
bout. Between neighbours at larger distances, the cross-overlapping 
presents a mean percentage of overlaps consistently higher. The 
absence of a well-defined peak between neighbours at larger distances 
suggests that the observed overlaps may be a result of chance. 
In summary, we observed two types of male-male interactions 
(synchrony and alternation). Synchrony was more common for in-
dividuals with lower mean calling rate and with a more irregular 
rhythm. Alternation dominated when individuals presented higher 
calling rate and a more isochronous rhythm. Both types of interactions 
Fig. 4. Males interactions with isochronous playbacks. (A) Representation of 
how the relative phase angles were calculated; Calls with lower amplitude 
represent a calling male and calls with higher amplitude represent the play-
back. (B) Rose plots of the relative phase angles distribution on all recordings 
exposed to each playback (5 males exposed to a 5 BW min− 1 playback and 4 
males exposed to a 20 BW min− 1 playback). We considered all the BWs pro-
duced by a male in between the playback: blue represents the first BW produced 
by the male after the playback, and the subsequent BWs are represented in grey. 
In the 5 BW min-1 playback, the uniform distribution of the phase angles 
suggest that the males are not adjusting the timing of their calls to the playback. 
However, the 1st call produced after each playback had a mean phase angle of 
71◦ with notably less events under 36◦. In the 20 BW min-1 playback, the 
distribution of phase angles was not uniform mostly due to the lack of calls 
under 100◦. Both distributions indicate a possible avoidance of the playback 
call. p-values refer to the Rayleigh’s uniformity test. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 5. Male-male interactions. (A) Examples of the most common interactions observed: alternation and synchrony; lighter grey is the male closer to the hydrophone 
and the black scale-bar represent 5 s. (B) Graphic representation of phase angles considered on (E): only single BWs produced by a male between the BWs of another 
male were considered. Call with higher amplitude is from the male closer to the hydrophone. (C,D) Paired plots of phase space and recurrence for the same male in 
two 1 h-recordings at 9 am and 3 am to exemplify the observed rhythms. (E) Rose circular plots of the phase angles between pairs of calling males recorded 
simultaneously using 16 hydrophones at 2 periods - 9 am and 3 am. Light grey represents males separated by 5 m or less, and dark grey, males separated by more than 
5 m. Angular mean vectors are represented by an arrow on each plot. p-values refer to the Rayleigh’s uniformity test. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
Fig. 6. Cross-overlapping in male-male in-
teractions. See Fig. 2 for a schematic drawing 
on how cross-overlapping was calculated. 
Each plot shows the percentage of overlaps 
calculated for each lag. To observe changes 
with calling rate and distance, males were 
classified with high (BW min− 1 ≥ 9) or low 
mean calling rate (BW min− 1 < 9), and by 
the distance between each pair: ≤ 5 m (light 
grey) and > 5 m (dark grey). The patterns 
depicted in close-range (≤ 5 m) neighbours 
point to synchrony in animals calling at a 
lower rate and alternation in animals calling 
at a higher rate.   
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were clear at close distances (≤ 5 m), but less evident at larger distances 
(> 5 m). The cross-overlapping function was not cyclic suggesting that 
neighbours are adjusting the timing of calling in relation to their 
neighbour’s continuously throughout the bout. 
3.2. Large-scale temporal patterns 
3.2.1. Daily patterns of vocal activity 
From the analysis of ca. 6 days from July 2013, 304,161 BWs were 
identified in the lower intertidal zone (set-up 3A in Fig. 1; 27 hydro-
phones), 24,192 BWs in the higher subtidal zone (set-up 3B in Fig. 1; 3 
hydrophones), and 66,610 BWs at the deeper location recorded (set-up 
3C in Fig. 1; 2 hydrophones). Note that, even ignoring most calls with a 
signal-to-noise ratio under ca. 10 dB, the recognition system still 
detected the same calls at more than one hydrophone. We also included 
into this analysis 6 days from July 2012 from the intertidal zone, with 
103,444 accounted BWs (set-up 2, Fig. S1; 16 hydrophones). 
Calling activity was significantly affected by the tide level on the 
intertidal zone (Figs. 7A and 8A; Table 4). Although the nests were al-
ways underwater (minimum water level: 18 cm), GAM’s indicate an 
increase of fish vocal activity with tide level (p < 0.001), especially at 
the ebb tide (p < 0.001; cf. tidal velocity in Fig. 8). The temperature, 
ranging about 6 ◦C (20.6–26.9 ◦C), always peaking during the day, 
presented a significant effect (p < 0.001). However, the oberved trend 
suggests a possible artefact related to the timing of the high tide in the 
sampled days. No pattern related to the time of day was observed. 
In the higher subtidal zone (Figs. 7B and 8B; Table 4), calling activity 
slightly increased with tide level (p = 0.03), but tide phase did not affect 
calling activity (p = 0.62). Water temperature did not have a significant 
effect on call activity even as a single explanatory variable in the models. 
These data revealed a flat relationship between calling rate and time of 
day. 
At the deeper location (Figs. 7C and 8C; Table 4) no significant 
effects of the temperature or tide level were observed. The tide velocity 
appears to negatively affect the calling rate, with males producing more 
BWs at the peak of the tides (p < 0.001). Calling rate significantly 
decreased during the day, showing a non-linear relation with time of day 
(p < 0.001). 
In summary, tide greatly constrained the calling activity in the 
intertidal zone, whereas in the deeper location we observe lower calling 
activity during the day (set-up 3C). Nevertheless, the variables included 
in the model explained a low percentage of the variability, specially at 
both deeper locations (Table 4). 
4. Discussion 
This study investigated the presence of fine and large-scale vocal 
temporal patterns in wild Lusitanian toadfish males. We recorded these 
fish during the spawning season at the Tagus estuary (Portugal), anno-
tated their most common call (the boatwhistle, BW) with the support of 
an automatic call recognition methodology based on the hidden Markov 
model, and extracted temporal information of nesting males’ calling 
activity. Datasets like the one presented here are a rare opportunity to 
explore large- and fine-scale calling patterns such as calling rhythms and 
male-male acoustic interactions. 
4.1. Fine-scale temporal patterns 
Lusitanian toadfish, as many other soniferous gregarious fish species 
(examples in Table 1), produce sequences of the same call in a repetitive 
manner. Although we know that sound production is crucial for mating 
(Amorim et al., 2016; Vasconcelos et al., 2012), fine-scale temporal 
patterns were never analysed in detail. Here we analysed temporal 
structures of the BWs produced by Lusitanian toadfish males during the 
mating season, using visualization methods reviewed by Ravignani and 
Norton (2017), such as IOIs recurrence plots and IOIs phase space plots. 
Fig. 7. Daily variation of calling rate (BW 
h− 1) at 3 locations at different depths. Letters 
represented each location: (A) Low intertidal 
(beach) from 2012 (set-up 2) and 2013 (set- 
up 3A); (B) High subtidal (beach; set-up 3B); 
and (C) Subtidal (pier; set-up 3C). Solid 
black line depicts mean number calls coun-
ted per hour on several hydrophones (see 
Table 3 for details), and grey shading the 
standard error. Notice that the vertical axes 
are in different scales. Dashed blue line 
represent the variation of the tide level 
measured only in the low intertidal zone. 
Night periods are indicated in light grey. On 
the intertidal zone the calling activity fol-
lows the variations of the tide. At the deeper 
locations there are no clear patterns. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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We show that Lusitanian toadfish males can exhibit high variability 
between and within individuals, varying from an almost isochronous to 
an apparent aperiodic rhythm. Furthermore, males are aware of the 
neighbours calling activity (as suggested by Jordão et al., 2012), 
continually adjusting the timing of the vocalizations and interacting 
through alternation or synchrony, dependent on distance and calling 
rate. 
4.1.1. Rhythms of males singing alone and with conspecific sound playback 
When males were singing alone, the temporal patterns of BW emis-
sion were quite variable between and within individuals. Recurrence 
plots showed several shifts through each recording indicating recurrent 
changes in rhythm and/or calling rate. Jordão et al. (2012) previously 
reported that Lusitanian toadfish males are aware of neighbours’ vocal 
activity, adjusting the calling rate accordingly. Using recordings from 
the same dataset but using a visualization method based on recurrent 
plots, we confirmed such conclusion by observing that the rhythm 
transition was coincident with the beginning of the playback, demon-
strating that fish are vigilant and can react quickly to vocalizing con-
specifics. However, other transitions occurred without a clear reason. 
Some individuals showed alternation between almost isochronous call-
ing activity (with nPVI of ca. 10, and higher calling rate) and more 
aperiodic vocal patterns (with nPVI up to 50 and lower calling rate). 
Such periods of temporal stability exhibiting a fast almost isochronous 
rhythm are likely short because they should be harder to endure. Indeed, 
Amorim et al. (2010b) found that only Lusitanian toadfish males with a 
high body condition (higher energetic reserves) can sustain high calling 
rates that appear to be associated with isochrony. This feature may be 
used by females to infer male quality as sustained high calling rate is 
associated with higher reproductive success in this species (Amorim 
et al., 2016, Vasconcelos et al., 2012) and in other taxa (Byers et al., 
2010; de Kort et al., 2009). As in seals (Ravignani et al., 2019), Lusita-
nian toadfish’s phase space plots show the presence of some rhythmic 
structure, but less stereotyped than the observed in birds and other 
mammals (birds: Norton and Scharff, 2016; whales: Schneider and 
Mercado III, 2019; Human: Ravignani, 2017). In the Lusitanian toadfish, 
3–4 edges geometrical shapes appear recurrently in several phase space 
plots suggesting a recurrent intercalation between shorter and longer 
IOIs. The presence of different rhythms and the transitions between 
them are also observed in whales and birds, where the temporal struc-
ture appears to be related to physiological constraints or social context 
(Cholewiak, 2008; Mercado III and Handel, 2012; Norton and Scharff, 
2016; Schneider and Mercado III, 2019). Further work should deepen 
into the possible rhythm subsections in Lusitanian toadfish calling ac-
tivity and its relations with physiological constraints or social context. 
Furthermore, the measurement and visualization of these temporal 
rhythms should be optimized to analyse long-term data (e.g. use the 
annotations of automatic recognition system to assess mean phase an-
gles and nPVI throughout the recording) as its assessment could help to 
monitor male quality and infer fitness. 
Fig. 8. The effect of variation in predicted drivers on the mean calling rate at 3 locations recorded simultaneously in 2013. Letters represent: (A) Low intertidal 
(beach; set-up 3A); (B) High subtidal (beach; set-up 3B); and (C) Subtidal (pier; set-up 3C). In the model we used the mean number of calls per hour (n = 154) 
obtained from the automatic recognition system. Plots represent the GAM partial effects splines for each model (see Table 4). Functions are presented as solid lines, 
dashed lines denote confidence intervals, and dots indicate the partial residuals of the hourly mean calling rate. Calling activity was significantly affected by the tide 
on the intertidal zone, even though the nests were always underwater. At the deeper location the tide velocity appears to affect the calling rate and calling rate 
decreases during the day. 
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4.1.2. Patterns of male-male vocal interactions 
We observed two types of male-male interactions: synchrony and 
alternation. When in a chorus, we show that vocalizing toadfish males 
are aware of the calling activity of conspecific neighbours and can 
alternate or synchronise their calls with other fish calls. We observed 
that close neighbours (≤ 5 m) tend to sing with a mean phase offset close 
to 180◦ (antiphony alternation) or 0◦ (synchrony), probably depending 
on context (advertisement or agonistic). This interaction pattern was 
less clear at larger distances when BWs tend to attenuate to background 
levels. The 5 m distance threshold used here is consistent with the 
estimated communication range of up to 5–13 m in the shallow water 
breeding area of the Tagus estuary (Alves et al., 2016). 
Alternation reduces masking, and thus could facilitate male assess-
ment by the approaching females (Wiley, 1983). The avoidance of 
superimposing calls with the vocalizations of conspecifics is probably 
common in fish (Amorim et al., 2015), the low number of references are 
probably consequence of the lack of analysis of fine-scale interactions in 
fish. Even though, Winn (1967) considered that the call alternation 
observed in the oyster toadfish (Opsanus tau) should not differ from what 
is expected by chance. Recently Van Wert and Mensinger (2019) sug-
gested that males of that species may monitor conspecific vocalizations 
because less than 1% of the BWs overlapped with other callers (but no 
formal analysis was presented). Consistently, the cross-overlapping 
analysis carried out in our study (Fig. 6) did not show several peaks 
that could corroborate an alternation or synchrony by chance alone on 
highly isochronous bouts. Instead it showed a curve that indicates that 
close neighbours continuously adjust the timing throughout the bout. 
Several alternation interactions are described for non-fish species. For 
example Cooley and Marshall (2001) observed quick sequential ‘wing- 
flick’ female-male interactions in choruses of periodical cidadas, and 
Ravignani (2019) showed that the seal pup adjusted its calls’ onset to 
occur at a fraction of the playback previous period, showing a relative- 
phase antisynchrony. Lusitanian toadfish males appear to have a more 
opportunistic strategy. Although in many situations the Lusitanian 
toadfish appears to have a locked offset approaching 180◦, in several 
circumstances they produced more than one call between the calls of the 
‘rival’ (or playback; Fig. 4B). Furthermore, with the playbacks with 
higher calling rate analysed in this work the interaction pattern was 
more uniform, even though the playback amplitude mimicked close 
neighbours. These results appear to be consistent with interactions be-
tween individuals separated by larger distances. Notice however that the 
loudspeakers used by Jordão et al. (2012) did not reproduce well fre-
quencies below 100 Hz (Fonseca and Alves, 2012), thus simulating a 
stronger attenuation of the fundamental frequency of boatwhistles with 
distance (Alves et al., 2016; Amorim and Vasconcelos, 2008; Vascon-
celos et al., 2010). Further experiments with playbacks at different 
amplitudes and simulating different levels of frequency attenuation 
should be made to further investigate the males’ interaction behaviour. 
In the Lusitanian toadfish, it seems that BW synchronization could be 
used in agonistic context. According to Vasconcelos et al. (2010), BWs 
can also be used in agonistic contexts, being produced with lower 
dominant frequency and lower calling rate. In our analysis we observed 
synchrony interactions in individuals with lower calling rate suggesting 
they could represent male-male competing interactions. Furthermore, it 
appears that when males produce these calls with high percentage of 
overlaps (cf. Fig. 6B) they are usually produced in short bouts (i.e. there 
is an intercalation between low IOIs and very hight IOIs, see Fig. 4A and 
D) consistent with being produced during agonistic encounters (Vas-
concelos et al., 2010). In other toadfish species several studies have 
reported the synchronization of short agonistic grunt calls with the 
neighbour’s BW advertisement call (termed acoustic tagging; Thorson 
and Fine, 2002, Mensinger, 2014; Staaterman et al., 2018; Salas et al., 
2018). This seems to be an overspread pattern as other non-fish species 
also can use call synchronization in agonistic context to disturb rivals 
(birds: Todt and Naguib, 2000; insects: Cooley and Marshall, 2001). 
4.2. Large-scale temporal patterns 
4.2.1. Daily patterns of vocal activity 
Besides the social environment, other factors also influence the 
Lusitanian toadfish calling patterns. We showed that low tide level 
significantly decreased the calling rate at shallower areas (cf. Fig. 7A and 
A). This is consistent with Amorim et al. (2011) that showed a significant 
effect of the tide level on the Lusitanian toadfish males’ calling rate in 
the intertidal zone. Here we also addressed the overall call rate of males 
that inhabit deeper areas, and therefore are less subject to the harsh 
fluctuating physical environment of the intertidal zone. On the deeper 
area, calling rate could not be explained by the tide level and only 
showed a slight preference for the peak of the tides (periods with lower 
water flow). Consequently, the decrease in calling rate at shallower 
waters may be due to the harsher currents and breaking surface waves, 
and not to endogenous activity rhythms as suggested by Gibson (1982). 
Furthermore, it is relevant to notice that the attenuation of low fre-
quency sounds is highly dependent on the water level (Mann, 2006; see 
Alves et al., 2016 for attenuation of BWs), being highly attenuated 
during low tides in the intertidal zone. This attenuation reduces the 
communication space and the chance of a calling male being detected by 
neighbouring males and females (Alves et al., 2016; Fine and Lenhardt, 
1983; Mann, 2006). Note, however, that there are several limitations in 
trying to determine the drivers of the calling rate using three sampling 
sites and no replicas. Further work should investigate deeper into these 
observed differences. 
Table 4 
Results of generalized additive models (GAM) assessing the parameters that explain the daily patterns of Lusitanian toadfish mean calling activity on 3 locations 
recorded simultaneously.   
A.13 B.13 C.13 
n 154 154 154 
r2 0.46 0.18 0.16 
Deviance explained 63 % 25.2 % 26.7 % 
Predictor spline EDF p-value EDF p-value EDF p-value 
Tide level (m) 1.8 < 0.001 1.4 0.03 0.007 0.75 
Tidal velocity (mh-1) 3.0 < 0.001 0.3 0.62 2 0.001 
Time of day (hour) 0.2 0.12 0.2 0.12 3.4 < 0.001 
Temperature (◦C) 0.9 < 0.001 0.7 0.14 0.0003 0.31 
Tensor product interactions EDF p-value EDF p-value EDF p-value 
Temperature × Tide level 3.9 < 0.001 3.5 < 0.001 1.3 0.001 
Temperature × Tide level variation 2.0 < 0.001 – – – – 
Temperature × Time of day 1.6 < 0.001 2.2 0.09 1.0 0.007 
Tide level × Time of day 0.7 0.003 2.6 0.002 – – 
Tide level variation × Time of day 1.0 0.08 2.1 0.002 – – 
Number of hours with calling rate at each location (n), fit of each model; (r2), percentage of deviance explained; EDF, estimated degrees of freedom; and p-values are 
represented. In bold p-value lower than 0.05. 
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At the deeper location, we observed some decrease in calling activity 
during day (set-up 3C), consistent with the diel cycles reported for the 
oyster toadfish (Maruska and Mensinger, 2009; Monczak et al., 2017; 
Phillips and Swears, 1981; Ricci et al., 2017). This shift suggests that this 
species might adapt its activity according to the surroundings. 
Furthermore, the lower activity includes the period that coincide with 
the presence of the meagre (Argyrosomus regius) chorus (Vieira et al., 
2019; Pereira et al., 2020). As meagre sounds were only registered on 
the deeper location, future work should deepen into the possible tem-
poral partitioning of the acoustic space by these two species (Ruppé 
et al., 2015). 
The absence of a strongly synchronized chorus on a shorter period of 
time, contrasts with observations in species with pelagic eggs, that 
usually restrict the calling activity to a well-defined time of day, usually 
dawn or dusk (Table 1). Choruses and mass spawning at dusk or dawn is 
likely an adaptation to limit the predation on pelagic eggs (Ferraro, 
1980; Hobson and Chess, 1978; Holt et al., 1985; Lobel, 1978). The 
absence of a well-defined diel rhythm in toadfish species is possibly 
explained by their reproductive tactics. Usually a female attaches 
demersal eggs to the nest’s ceiling to be cared by the male. Moreover, the 
arrival of females could possibly explain several peaks of calling activity 
unexplained by the tide, time of day and temperature. Future work 
should address how the presence of females change the calling rate of 
Lusitanian toadfish males, although this is difficult to study in the field 
when the waters are murky, such as in the present study location. 
5. Conclusion 
In conclusion, Lusitanian toadfish males while in a chorus appear to 
be aware of the neighbours calling activity, adjusting their vocalizations 
and interacting through alternation or synchrony, possibly dependent 
on advertisement or agonistic contest, respectively. Fine-scale temporal 
patterns may be a good proxy of male condition in fish that could be 
used by the females for mate selection and have implications on fish 
fitness. On a larger temporal scale, although tide level constrains the 
calling rate at shallower waters, in deeper water the environmental 
conditions do not appear to restrict acoustic activity and only explain a 
low percentage of the variability. The apparent complexity of the vocal 
interactions among individuals, and the unexplained rhythm transitions 
on short recordings, suggest that the overall calling rate of the chorus 
might be dependent on the social interactions between males (e.g. dear 
enemy effects, Leiser, 2003) and between males and females. Future 
experiments should focus on a more detailed analysis considering 
simultaneous acoustic and video recordings that may allow to relate 
fine-scale behavioural temporal patterns with territorial behaviour and 
reproductive success. 
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Vieira, M., Amorim, M., Sundelöf, A., Prista, N., Fonseca, P.J., 2020. Underwater noise 
recognition of marine vessels passages: two case studies using hidden Markov 
models. ICES J. Mar. Sci. 77 (6), 2157–2170. 
Wells, K., 1977. The social behaviour of anuran amphibians. Anim. Behav. 25, 666–693. 
Wiley, R., 1983. The evolution of communication: information and manipulation. In: 
Animal Behaviour, Vol. 2: Communication. Blackwell Publishers, Oxford, 
pp. 156–189. 
Wilson, M., Cook, P.F., 2016. Rhythmic entrainment: why humans want to, fireflies can’t 
help it, pet birds try, and sea lions have to be bribed. Psychon. Bull. Rev. 23 (6), 
1647–1659. 
Winn, H.E., 1967. Vocal facilitation and the biological significance of toadfish sounds. 
Mar. Bio-Acoust. 2, 283–304. 
Wood, S., 2006. Low-rank scale-invariant tensor product smooths for generalized 
additive mixed models. Biometrics 62, 1025–1036. 
Wood, S., 2017. Generalized Additive Models: An Introduction with R, 2nd ed. Chapman 
and Hall/CRC, London.  
Young, S., Evermann, G., Gales, M., 2006. The HTK Book Version 3.4. Cambridge 
University Press. 
M. Vieira et al.                                                                                                                                                                                                                                  
